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Abstract: High total dissolved solids (TDS) content is one of the most important pollution contributors in lakes in
arid and semiarid areas. Ulansuhai Lake, located in Urad Qianqi, Inner Mongolia, China, was selected as the object
of study. Temperatures and TDS contents of both ice and under-ice water were collected together with
corresponding ice thickness. TDS profiles were drawn to show the distribution of TDS and to describe TDS migration. The results showed that about 80% (that is 3.602×108 kg) of TDS migrated from ice to water during the whole
growth period of ice. Within ice layer, TDS migration only occurred during initial ice-on period, and then perished.
The TDS in ice decreased with increasing ice thickness, following a negative exponential-like trend. Within under-ice water, the TDS migrated from ice-water interface to the entire water column under the effect of concentration gradient until the water TDS content was uniform. In winter, 6.044×107 kg (16.78% of total TDS) TDS migrated
from water to sediment, which indicated that winter is the best time for dredging sediment. The migration effect
gives rise to TDS concentration in under-ice water and sediment that is likely to affect ecosystem and water quality
of the Yellow River. The trend of transfer flux of ice-water and water-sediment interfaces is similar to that of ice
growth rate, which reveals that ice growth rate is one of the determinants of TDS migration. The process and
mechanism of TDS migration can be referenced by research on other lakes with similar TDS content in cold and
arid areas.
Keywords: arid and semiarid areas; Ulansuhai Lake; total dissolved solids (TDS) migration; natural freezing process; transfer
flux; ice growth rate

Lakes in arid and semiarid areas are not only an
indicator of climate change, but also an important link
of water cycle. They have a great effect on ecological
environment change (Li et al., 2007). High total dissolved solids (TDS) content is one of the most important pollution contributors because of little precipitation, insufficient supply of surface runoff and comparatively great evaporation intensity in these areas
(Tao, 2001; Wang and Sun, 2007). TDS characteristics during ice-off period have long been a focus of
research, which mostly concentrated on distribution,
migration and environmental effects (Gupta and
Deshpande, 2003; Zhou et al., 2007; Han et al., 2009).
In general, the studies on lake ice paid more attention
to the process of ice growth process (Fang et al., 1996;
Mirono et al., 2002; Iliescu and Baker, 2007; Jiang et

al., 2011) than to pollution characteristics of ice-covered lakes. Mirono and Terzhevik (2000) concluded
that the conductivity of the lake ice was 10%–20% of
that of the lake water in Lake Pääjärvi. Huang et al.
(2009) described the distribution pattern of nutrients
and phytoplankton during the icebound season in
Changchun, China. Roger and Gregory (2009) showed
the effect of pollutant exclusion from lake ice on seasonal circulation. However, TDS migration and column distribution pattern during ice-on period are not
well known, and have received little attention from
researchers, leading to lacked studies on pollution
mechanism and TDS process in winter.
Due to many factors, including solar intensity and
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heat exchange, the characteristics of TDS pollution
during the ice-on period may be different from those
in the ice-free period (Belzile et al., 2002; Lu et al.,
2010). Ulansuhai Lake, which is a typical representative of lakes in arid and semiarid areas, was selected
as the subject of study to measure TDS content of
both ice and under-ice water as ice thickened. The
study focused on the following two questions: (1)
How and in what volume did TDS migrate among
ice-water-sediment system during the whole freeze-up
period? (2) Why did TDS migrate and what did the
migration imply? The results of this work can be referenced by research on other lakes with similar TDS
content in cold and arid areas.

1
1.1

Materials and methods
Study area

Ulansuhai Lake (40º36′–41º03′N, 108º43′–108º57′E)
is located in Urad Qianqi, Inner Mongolia, China and
it is part of Hetao irrigation system which takes about
5×108 m3 of water from the Yellow River. A complex
source of water, including domestic and industrial
wastewater from neighboring areas, is drained into the
lake (Fig. 1). The total area of Ulansuhai Lake is about
333.48 km2, of which 161.631 km2 is covered with
reed, and the area of open water is 104.824 km2. It is

Fig. 1
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the largest lake at the same latitude on the earth. In
recent years, the water supply to Ulansuhai Lake has
been decreasing due to climate change and the irrigation quota adopted in Hetao irrigation area, and the
water level has been continuously falling. Meanwhile,
TDS pollution has been worsening and industrial
wastewater of high TDS content was drained into the
lake (Ren et al., 2008).
Regional meteorologic statistics in Urad Qianqi
show that in the region of Ulansuhai Lake the mean
annual air temperature is 6.6ºC. The warmest month is
July (24.6°C) and the coldest is January (–10.2°C).
The average air temperature from November to February is below 0°C. Ice season lasts for 5–6 months in
Ulansuhai Lake, from November/December to April,
and the maximum annual ice thickness ranges from 40
to 70 cm. In winter, after ice formation, the lake turns
into a calm water body in which water turbulence and
circulation activities are weak. The annual precipitation is 219.5 mm and 67.9% of it falls between July
and September. The annual evaporation is 1,396.3 mm
by E601 evaporator and 47.4% of it occurs between
May and July.
1.2

Sampling

The station S (Fig. 1) was selected as the sampling
point for its special geographic location. It hydrologi-

Geographical location of Ulansuhai Lake and sampling site. S denotes study site
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cally connects with the rest of the lake in wet seasons
between May and October, i.e. the lake water exchanges between station S and major parts of the lake,
while exchanges ceased in dry season during the study,
which impeded TDS exchange between them. The
bottom of station S was flat, and the depth of water
was 1.5 m on average.
Field observation was arranged during ice-on period at station S. Sampling was made every two days
from Nov. 2010 to Apr. 2011 using an ice drill and an
ice saw. After extraction from the ice sheet, the ice
core was quickly removed from the barrel and placed
on a cutting board. The core was then cut every 10 cm
from the top using a cut-off saw, which is mounted at
the end of the cutting board. The ice sample was next
placed in a sealed plastic bag or container for later
melting and TDS measurement. After logging the ice
samples, water samples were taken through small
holes using a 1,000 mL self-made “syringe” sampler.
To avoid the disturbance of thermal exchange and
solar radiation, the snow on the ice surface was
cleaned immediately after snowing.
1.3

Data collection

Temperature data were collected by a Onset Hobo
Temp Pros with an accuracy of 0.25°C. Temperature
was recorded every 5 min and uploaded each month.
The TDS content data were obtained with an EC60
TDS meter at 25°C every two days in freezing process.
The density of ice was measured using quality-volume
method. The ice thickness was measured by a
self-made thermal line, as depicted in Fig. 2 (Li et al.,
2005). The full length L1 of the thermal line was
measured before observation, and then the thermal line
was heated by battery to melt the ice surrounding it
until it could move freely in vertical direction. The
thermal line was next pulled until the baffle plate was
blocked off by the down surface of ice. The partial
length L2 of the thermal line above the upper surface
was next measured. The differential value of L1 and L2
was the ice thickness.

2

Results and discussion

2.1 Ice growth
There are two methods to calculate ice thickness after
continuous ice sheet forms: one is to build a growth
model through analyzing the heat exchange process
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Fig. 2 Ice thickness measurement by thermal line. (a) Status of
measuring; (b) Status of reading

based on an assumption that the lake is a complete and
closed system consisting of atmosphere, ice, water and
lake bed; another is to derive a semi-empirical formula
called Zubov model according to meteorological data,
which is simple and accurate for application in small
areas (Li and Riska, 2002).
In this study, we built a Zubov model based on cumulative freezing degree-day and corresponding ice
thickness (Fig. 3). Through fitting the curve, the empirical formula of Ulansuhai between ice thickness
and cumulative freezing degree-day was established:

FDD =0.002T 2 0.2251T .

(1)

Where T is ice thickness (cm); FDD is cumulative
freezing degree-day (°C).

Fig. 3 Relationship between ice thickness and cumulative
freezing degree-day

2.2 TDS migration
2.2.1 TDS migration between ice and water
The TDS content of under-ice water during ice-on period was much higher than that before ice-on period,
while TDS content of ice was much lower than that of
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water in ice-on period (Fig. 4). The phenomenon indicates that TDS migrated from ice to under-ice water in
freeze-up process, which resulted in TDS exclusion.
Based on calculation, about 80% of the TDS was rejected from lake ice at an ice thickness of 59 cm. The
effect of TDS exclusion can be explained by two theories known as crystallography theory and liquid-solid
phase equilibrium theory.
When lake water freezed, small, flat platelets of
pure ice formed firstly. As ice mass grew, the platelets
commingled and bonded to form a compliant slush.
Under sustained freezing temperatures, the platelet
mass thickened and grew together, forming an
ever-stiffening ice cover. Near the ice-water interface, water molecules were precipitated with the interaction of hydrogen bonding and adhered to the
down surface of ice, and then formed ice. At the same
time, TDS would be removed from ice to water because of the effect of TDS exclusion from lake ice,
which explains the fact that the concentration of water
molecules is much lower than that of the whole liquid
and the concentration of TDS in water is much higher
than that nearby the ice-water interface. With the
driving force of concentration gradient, the water
molecules in liquid were diffused to ice-water interface, while TDS nearby the liquid-solid interface were
diffused to liquid, just as depicted in Fig. 5. However,

Vol. 4

the above theory of crystallography is not consistent
with the result that the ice also contained TDS though
its content was lower than that of water, as described
in Fig. 4. The reason lies in that much TDS between
fresh ice platelets failed to migrate to water and was
entrapped during the ice growth process (Fig. 6). The
entrapped procedure of TDS is similar to brine expulsion from sea water (Weeks and Ackley, 1989). Many
factors affect the volume of TDS entrapped in fresh
ice platelets: ice growth rate, TDS concentration in
water, ice structure and under-ice turbulence. When
temperature is extremely low, growth rate accelerates
sharply, and more TDS is incorporated in ice at the
bottom of ice sheet (Weeks and Lee, 1958; Nakawo
and Sinha, 1981). With ice thickness increases, growth
rate slows because of the decreasing rate at which heat
is transferred from the bottom of ice to atmosphere
(Maykut, 1986). Thus less TDS was entrapped in ice
as ice grew, which is consistent with what Fig. 4 (a)–(f)
describe that TDS concentration in ice decreases as ice
sheet thickens.
The effect of TDS exclusion can also be explained
by liquid-solid phase equilibrium theory. DABE is a
freezing curve of lake water in Fig. 7. D is the freezing
point for pure water. If lake water is cooled from the
initial temperature T0 to TA, water begins to freeze (If
the TDS content of lake water increases, the freezing

Fig. 4 TDS profiles at ice thicknesses of (a) 0, (b) 2.5, (c) 9.5, (d) 13, (e) 17, (f) 21, (g) 26, (h) 30, (i) 35, (j) 41, (k) 45, (l) 51, and (m) 59
cm. The dashed lines mark ice-water interface
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Fig. 5
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Migration of water and TDS molecules
Fig. 7 Temperature-concentration phase equilibrium curve;
DABE is a freezing curve of lake water

Fig. 6

Sectional drawing for ice structure

point will decrease within a certain range). At the
same time, the TDS content of lake water increase
from C0 to CA. As temperature continues to decline to
TB, ice crystals form, grow up and precipitate constantly from water. The point E is the eutectic point for
water and the corresponding temperature TE is eutectic
temperature. With sustained freezing temperatures,
eutectic transformation will occur, leading to simultaneous precipitation of TDS from ice and ice crystals
from concentrated water (Olivier et al., 2001; Feng
and Ning, 2002).
The TDS migration between ice and water can be
described quantitatively by average transfer flux of
ice-water interface (mg/(cm2·d)), as depicted in Fig. 8,
which obviously demonstrates that the trend of transfer flux is similar to that of growth rate. A formula is
established to describe the effect of growth rate on
transfer flux (Fig. 9). The fitting curve displays good
linear positive correlation. The reason can be ex-

plained through analyzing the freezing and migrating
process. Two imaginary sample ice columns are
shown in Fig. 10: where Hi1 and Hi2 are respectively
the height of ice column at the first and second sampling time; Hw1 and Hw2 are respectively the height of
water column; H is the increased height of ice between
the two sampling time. As ice grows more quickly, H
will be higher, that is, the volume of TDS exclusion
will be larger within a given time range. More TDS
migrates from ice to water through the given ice-water
interface although more TDS fails to escape from lake
ice as growth rate increases. The result reveals that ice
growth rate is a determinant of TDS migration, which
is consistent with Eicken (2003) who showed that the
salinity of a new sea ice layer can be described as a
function of the effective segregation coefficient and
the seawater salinity far away from the ice-water interface, while for static ice growth the segregation coefficient depends on the growth rate. The result also
accords with the experiments by Cox and Weeks
(1988) and field observations by Nakawo and Sinha
(1981). What should be noted is that water with low
salinity is much lower in depth depending on the ambient water salinity (Kawamura et al., 2001). However,
what further complicates the TDS migration is the
complex interplay between physical, chemical and
biological processes within the ice matrix (Thomas
and Dieckmann, 2002).
Furthermore, the total weight of migration from ice
to water in freezing process can be calculated by
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suggested that the process of TDS concentration can
support microbial life in intercrystal veins even in the
extreme environment of subglacial ice above Lake
Vostok (Price, 2000). However, the exclusion of TDS
also has important implications for water quality in
Yellow River as Ulansuhai Lake is one of the most
important recharge sources (Fig. 1), which may threaten the drinking water safety at the lower reaches of
Yellow River. The results suggest that we should pay
more attention to the water quality of lakes and rivers
with a long ice-on period.
Fig. 8 Trend of transfer flux together with growth rate as ice
thickened

Fig. 9

Transfer flux versus growth rate

multiplication of average transfer flux, area and days,
based on the assumption that TDS migration in the
sampling region can represent that in the whole lake,
as follows:
M=104 fa A t.
(2)
Where M is total migration weight (kg) of TDS, fa is
average transfer flux; fa=1.44 mg/(cm2·d); A is area of
the whole lake, A=333.48 km2; t is total days of the
growth period, t=75 d.
The calculation result shows that there was about
3.602×108 kg (the relative standard error is 4.48%) of
TDS migration from ice to water during the whole
growth period. The TDS exclusion effect in ice-water
systems is of considerable interest for the microbial
ecology of cryoecosystems in which microorganisms
live on and within ice, for example, on modern-day ice
shelves and in diverse ice-habitats during major glaciation events in the past (Vincent and Howard-Williams, 2000; Belzile et al., 2002). It has been

2.2.2 TDS migration within ice layer
TDS expulsion occurred along a flow route that is
called drainage channel (Fig. 6). The TDS profiles in
Fig. 4 describe that TDS content of 2.5 cm ice core
(Fig. 4b) was 1.48 g/L, higher than that of the following 4 cores (Fig. 4c–f), which also decreased gradually
as the length increased. When ice sheet grew to 21 cm
(Fig. 4 f), the TDS no longer decreased obviously and
was distributed almost uniformly from top to bottom.
The above phenomenon reveals that gradual TDS migration mostly occurred during initial ice formation
(0–21 cm length), but as the ice sheet thickened, little
TDS migrated and much of the drainage system was
transformed into a series of TDS and gas cells separated by necks of ice. However, it should be noted that
the TDS at the bottom of most ice cores was lower
(Fig. 4). This was caused by the unavoidable errors
during logging because the upward flow of under-ice
water through the permeable ice remaining at the bottom of a borehole flushed TDS from the bottom of ice.

TDS migration was also observed through establishing a relationship between average TDS content of
total cores and thickness during the growth period (Fig.
11). The fitting curve of TDS content versus ice
thickness shows a decrease in TDS with increasing ice
thickness, even though the number of date points is
limited, following a negative exponential-like trend.
The curve decreases rapidly at the beginning of ice
formation, and then reaches an almost stable status,
which is similar to that of bulk salinity in Antarctic sea
ice described by Guriĭ (2009): the bulk salinity of ice
was found to be about 25‰ in the 5-cm-thick ice but
dropped rapidly to about 7.5‰ when the ice was 50
cm thick; at the end of the measurement period (170
days), the ice was 150 cm thick and the bulk salinity
decreased to about 5‰ at a highly reduced rate.
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motive power, which generated uniform TDS content
in water.
2.2.4

TDS migration between water and sediment

TDS content in water can be calculated from ice
thickness, ice density, TDS content of ice and water
density on the assumption that the total weight of TDS
in water before ice-on is the sum of weight of TDS in
under-ice water and ice after ice-on, as follows:
2.95 × 10−3 × 150 A=(150-T ）× 10−3 ATw +
Fig. 10

Sample ice columns at two sampling time

10−3 TiTAρi / ρ w .

(3)

Where 150 (cm) and A (cm2) are respectively depth
and area of the research region; 2.95 is TDS content of
lake water before ice-on (g/L); Ti and Tw are
respectively TDS content in ice and water (g/L); T is
ice thickness (cm); ρi is density of ice (g/cm3); ρ w =
1.0 g/cm3 (effects of temperature and TDS on ρi are
neglected).
442.5 − T ρiTi
.
(4)
150 − T
Using the field experimental data of ρi and Ti when
Tw =

Fig. 11 TDS content and growth duration of ice versus ice thickness

Reasons for the TDS migration are related to ice
structure and ice growth rate. As the ice thickness increases, the growth rate slows down because the heat
exchange from the ice bottom to the atmosphere is
reduced. Slower growth rate results in the formation of
larger ice platelets and larger ice crystals with proportionately fewer TDS inclusions. Furthermore, the spatial density of TDS drainage channel (Fig. 6) depends
on the growth rate: the lower the growth rate, the less
drainage channel per unit area (Martin, 1979).
2.2.3

TDS migration within water

The TDS profiles in Fig. 4 also show that TDS content
of under-ice water is almost uniform, unstratified,
from the top to the bottom of the water column
throughout the entire ice thickness range. However,
TDS content increased gradually as the lake ice thickened. It is easily understood that more and more TDS
was rejected to water from the above ice although
much TDS was entrapped between fresh ice platelet.
The rejected TDS was active nearby the ice-water interface at first and then diffused into the whole water
column due to the concentration gradient serving as

T is respectively 9.5, 21, 31, 41, 50 and 59 cm, Tw at
each T is calculated, which were then also measured
directly by EC60 TDS meter for comparison.
The measured TDS is lower than the calculated one
and the difference value between them increases as the
ice sheet thickens (Fig. 12). The existence of difference value shows that the assumption that the total
weight of TDS in water before ice-on is the sum of
weight of TDS in under-ice water and ice after ice-on
is not tenable, that is, much TDS was removed from
the ice-water system. Theoretically, we infer that TDS
migrates from water to sediment due to the concentration potential generated by concentration gradient between water and sediment as TDS content of water
increases. The migration can also be described by the
classical Langmuir Adsorption Model, which is as
follows:
S ×C
S = max
.
(5)
k +C
Where S (mg/g) is the TDS content of sediment at
equilibrium; Smax (mg/g) is the maximum adsorption
amount of TDS for sediment; C (mg/L) is TDS content in water at equilibrium; k (mg/L) is empirical
constant.
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S max
.
(6)
k +1
C
Equation 6 reveals that S increases with increasing
C, that is, TDS content of sediment increases as the
lake ice thickens when more TDS is rejected from ice
and then part of them migrates to sediment. A dynamic concentration equilibrium always exists during
the whole growth period between water and sediment.
However, the TDS migration is neither simple accumulation nor dissolution, but a result of coupling of
physical, chemical and biological effects. The lower
temperature and lower dissolved oxygen in ice-on period, the lower disturbance of under-ice water affecting the migration to sediment compared with the
ice-off period (Belzile et al., 2002; Lu et al., 2010).
The migration can also be described quantitatively
by average transfer flux of interface between water
and sediment (mg/(cm2·d)) (Fig. 13). The relationship
between growth rate and transfer flux is similar to
what Fig. 9 shows and is described in Fig. 14.

Vol. 4

S=

Fig. 13 Trend of transfer flux together with growth rate as ice
thickened

Fig. 14

Fig. 12 Comparison between calculated TDS and measured TDS

Likewise, the total weight of migration from water
to sediment in freezing process can also be calculated
using Eq. 2 based on the same assumption. The calculated total migration weight is 6.044×107 kg (the relative standard error is 7.34%), which is about 16.78%
of the total migration weight between ice and water,
that is, about 83.22% (2.997×108 kg) is preserved in
under-ice water.
In practice, sediment dredging is one of the most
effective measures for clearing away pollutants from
inside Ulansuhai Lake. The methods of sediment
dredging this paper would suggest include removing

Transfer flux versus growth rate

sediment after pumping out water and overwater operation, both of which require a large amount of investment and are difficult to be popularized (Yan et al.,
2004). While operating on ice is likely to save investment, it is more important to conduct dredging directly
on sediment itself when more and more TDS migrates
to sediment in the freezing process. There is a surplus
of 6.044×107 kg of TDS for ice-on Ulansuhai Lake
that can be removed from sediment compared with
ice-off period.

3

Conclusions

The pattern of TDS pollution during the ice-on period
is obviously different from that in the ice-free period
due to the effect of TDS migration. The TDS exclusion effect in ice-water system leads to the migration
of 80% TDS from ice to the underlying water, resulting in water quality deterioration, which is likely to
affect the ecosystem and water quality of Yellow
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River to a large extent. Thus, we should pay more attention to the water quality of lakes and rivers during
the ice-on period. The result that the measured TDS of
water is lower than the calculated one reveals that
TDS also migrates from water to sediment because the
concentration equilibrium between them is constantly
broken, which provides a theoretical basis and data
support for TDS pollution treatment in lakes in arid
and semiarid areas, sediment dredging for instance.
Moreover, TDS migration within ice layer mostly occurred during initial ice formation relating to the
change of ice structure and ice growth rate.
The relationship between transfer flux of ice-water
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and water-sediment interfaces and ice growth rate reveals that ice growth rate is one of the determinants of
TDS migration. However, other factors that are likely
to affect the TDS migration would deserve further
studies.
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Brief introduction of a book
Ecological Environment and Its Protection of the Northern Slope of Karlik Mountain to the Naomaohu Basin,
East Tianshan Mountains, written by Professor Qian Yibing et al., from Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, was published by Xinjiang Science and Technology Press in December
2011. The region of the northern slope of Karlik Mountain to Naomaohu Basin is located in the eastern Xinjiang
with an altitude ranging from 500 to 4,888 m. The Karlik Mountain is situated easternmost of the Tianshan
Mountains, and the Naomaohu Basin lies between the Tianshan Mountains and the Altay Mountains. An understanding of the ecological environments in this region is beneficial to exploring the mountain-oasis-basin system
in arid regions of western China. Professor Qian et al., based on field investigations and observations, laboratory
analyses, 3S and meteorology processing of data from the past 50 years, made an integral study as well as a comprehensive and systemic summary to make birth of this scientific book.
The book comprises eight chapters, including: 1) regional physical geography, social economy and climatic regimes; 2) geomorphologic vestiges of ancient glaciers and distribution of modern glaciers, and the variation trends
of glaciers; 3) distribution characteristics and utilization of water resources; 4) spatial distribution of soil physical-chemical properties, land use conditions and changes; 5) flora composition, species diversity of plant communities, and relationships between vegetation pattern and environments; 6) tourism resources and their utilization
and protection; 7) ecological regionalization; 8) ecological protection and suggested measures.
The book provides an insight into the basic theories on mountain-desert vertical gradient in arid ecosystems,
and meanwhile, offers a scientific perspective of natural resource utilization and environmental protection in relevant areas.

